Purpose This study tests the idea of using radiodensity from computed tomography to quantitatively evaluate the healing of ruptured Achilles tendons. Methods The radiodensity of the healing tendons in sixtyfive patients who were treated for Achilles tendon rupture was measured. The hypothesis was that density would correlate with an estimate for e-modulus, derived from strain, measured by radiostereometry with different mechanical loadings. Results Radiodensity 7 weeks after injury was decreased to 67 % (SD 11) of the contralateral, uninjured tendon. There was no improvement in radiodensity from 7 to 19 weeks, whereas at 1 year, it had increased to 106 % (SD 7). Only 2 of 52 measured values at 1 year were lower than the highest value at 19 weeks, i.e. there was minimal overlap. The variation in radiodensity could explain 80 % of the variation in e-modulus, but radiodensity correlated only weakly with e-modulus at each time point separately. At 1 year, both radiodensity and e-modulus correlated with functional results, although weakly. Conclusions From 19 weeks onwards, radiodensity appears to reflect mechanical properties of the tendon and might to some extent predict the final outcome. Radiodensity at 7 weeks is difficult to interpret, probably because it reflects both callus and damaged tissues. Level of evidence Prospective, diagnostic study, Level II.
Introduction
Rupture of the Achilles tendon leads to a long period of rehabilitation and a long period before patients regain full physical activity [3] . To analyse the healing process, clinical findings and various scores and questionnaires are used [6, 10, 18] . Still, there is little available information about the material properties of the Achilles tendon during the repair process.
If there were methods to quantitatively estimate the quality of the repairing tendon at a given time point, this could be used both to compare treatment methods and to advice individual patients an appropriate loading activity. In recent times, ultrasound (US) and magnetic resonance imaging (MRI) have been used for diagnosing ruptures of the Achilles tendon [1, 4, 8, 16] . US and MRI have also been used to monitor the healing process [9] , quantifying the thickness and structure of the tendon but not the quality of the repair process [8, 19] . However, to the author's knowledge, there is no previous study using radiodensity as measured by computed tomography (CT) for evaluating the quality of the healing Achilles tendon. With CT, one can quantify radiodensity in Hounsfield units (H-Units). The Hounsfield scale is a quantitative scale. Sir Godfrey Newbold Hounsfield defined 0 H-Units as the radiodensity of distilled water at standard pressure and temperature, and -1,000 H-Units as the radiodensity of air [2] .
The rationale for using CT is that tendons can be roughly described to consist of collagen and water. Also the tissue formed during repair-the tendon callus-consists of mostly collagen and water, although the higher cellularity and looser matrix organization gives it a higher water content than the normal tendon [5] . Tendons have a higher radiodensity than water due to the collagen content. Because water has a radiodensity of 0 H-Units, any material consisting of water and some other uniform substance would have a radiodensity directly proportional to the concentration of this substance. If tendons were regarded as consisting of collagen and water only, any change in radiodensity would correspond to a similar change in collagen/water ratio. During the healing of a ruptured Achilles tendon, the change in radiodensity and transverse could therefore perhaps serve as a quantitative variable that could indicate the quality of the healing Achilles tendon. Thus, the hypothesis of the present study was that there would be a significant correlation between radiodensity and e-modulus.
Materials and methods
Data from 2 previously performed, randomized trials were reanalysed. In these studies, CT was used for measurement of transverse area and for confirmation of the implantation site of tantalum beads, which were inserted in the tendon as markers for estimation of the stressstrain relationship by use of radiostereometry (RSA). One trial that has been published (here named study 1) compared operated tendons with or without the addition of a platelet concentrate. No significant differences between the groups were found [15] . The other study examined the effect of early, controlled loading on the healing of the tendon [12] (named study 2). In this study, patients exposed to early loading showed an increased elastic modulus and stiffness of the tendon 19 weeks and 1 year after injury, but no other differences compared with patients who were immobilized. All patients from these studies were included in the present CT-analysis. In both studies, all patients between 18 and 60 years of age presenting with an acute rupture of the Achilles tendon at our hospital were asked to participate, and almost all eligible consented. Both studies had been approved by the regional ethics board in Linköping, Sweden.
For estimation of the error of measurement of the RSA method for estimating modulus of elasticity, study 1 was pooled with an older study [14] , because only these two studies comprised double measurements.
Exclusion criteria were previous Achilles tendon injury, diabetes mellitus, a history of cancer or lung or heart diseases, or any other diseases that could compromise the locomotor system. In all patients, surgery was done using a conventional open technique with a dorsomedial approach, using local anaesthesia with Carbocaine (mepivacaine hydrochloride) and adrenaline. The ends of the tendon were adapted with a resorbable suture (Vicryl size 0) using the single-loop Kessler technique. Two tantalum beads were implanted (size, 0.8 mm) in the distal part of the tendon and 2 tantalum beads of the same size in the proximal part.
All patients in study 1 and all control patients in study 2 wore a short-leg cast, with the foot in the equinus position, for 3.5 weeks. After 3.5 weeks, the cast was replaced with a new one in which the ankle was held in neutral position. Full weight-bearing was allowed as tolerated from the beginning. The cast was removed after 7 weeks in total. This after-treatment complies with the clinical routines at our hospital by the time this study was planned.
The patients in the treatment group in study 2 had their cast removed after 2 weeks and were instead provided with a foam walker including heel wedges. Heel wedges were used to maintain the equinus position, similar to the control group. The wedges were removed gradually during the treatment period. The foam walker was removed after 7 weeks, in order to have an immobilization period of the same length as in the control group. During the last 5 weeks, the patients were allowed to remove the foam walker twice a day and used a special training device.
Full weight-bearing on the cast or foam walker was allowed as tolerated from the beginning for all patients in both studies.
All patients started with physiotherapy after the cast or foam walker was removed, i.e. after 7 weeks. At that time point, all patients received the same instructions for home training from the same physiotherapist at our hospital. They were then referred to physiotherapists uninvolved in this research. The physiotherapists were instructed to follow the regional rehabilitation guidelines for Achilles tendon ruptures. Full activity, including sports, was allowed after approximately 5 months.
CT evaluation
In both studies, CT was performed at 7, 19 and 52 weeks after the rupture. Radiodensity was not included in the previous publications for reasons of space and clarity, and because we wanted to combine data from both studies for a separate analysis.
Measurements were done on sections transverse to the tendon on different levels at the rupture site. The region of interest, i.e. the rupture site, could be identified due to the fact that 2 Tantalum beads had been implanted distally to the rupture and 2 beads proximally to the rupture during surgery. The measurement used for analysis was taken at an equal distance from the proximal and distal beads (Fig. 1) . The region was chosen to comprise as much of the tendon callus as possible. The tendon callus was easily defined based on its morphology. The radiodensity of the tendon was measured in H-units using a circular region of interest in the centre of the Achilles tendon. Twelve patients were selected via a computer-derived random list for double measurement. The standard error of measurement at 7, 19 and 52 weeks was 2.0, 1.5 and 1.4 H-units, respectively.
Moreover, computed tomography (CT) was used to measure the transverse area of the tendon at the rupture site. All CT measurements were performed at 7, 19, and 52 weeks after injury.
Mechanical properties and functional outcome
To calculate e-modulus, RSA was used to measure strain under defined loading conditions, and computed tomography (CT) was used to measure the transverse area of the tendon at the rupture site (see above). RSA uses small metal beads inserted in the tissue, and enables precise measurements of the distance between them by using simultaneous biplane radiographs and a calibration cage. Data are analysed with a specific software. RSA measurements were performed at 7, 19 and 52 weeks. At these follow-ups, the patients sat on an examination table with the foot in a specially designed frame which allowed defined dorsiflexion moments to be applied to the ankle. The patients were asked to keep the foot in position and to resist this moment during loading with different loads.
At 7 and 19 weeks the same RSA protocol was used. After a preloading with 25 N and thereafter with 150 N and a 3 min rest, a 25 N force was applied, and the first X-rays were taken. After an additional 3 min rest a 150 N force was applied. The 25-N loading was intended to provide a baseline value, whereas 150 N was the main, experimental loading. The patients had to resist the force for 15 s before the radiographs were taken; thereafter, the weight was immediately removed. Strain-per-force values (assuming a linear relationship) were calculated with correction for the lever arms of the forefoot and the calcaneus.
The final RSA was done 12 months after surgery. This examination differed slightly from the first 2 examinations. Also at this time, the patients had to resist the applied loading for 15 s with 3-min intervals, but we increased the force from the baseline 25 N in 200-N increments, with no repetition (i.e. the forces were 25, 225 and 425 N). Strain per force was now calculated from the slope of the regression lines for all measurements.
The RSA software (UmRSA 4.1 system, RSA Biomedical, Umea, Sweden) was used to calculate distances between single beads. Tendon force was calculated from pedal force. The pedal pivoted around an axis so that the force had a defined loading point in a lateral projection. Lever arms were calculated from CT lateral radiographs, with the centre of the talar trochlea as pivot point (pedal point to trochlea centre, trochlea centre to centre of tendon).
Follow-up: functional outcome
Functional results were assessed for 55 patients at the 1-year follow-up. All patients were examined by one physiotherapist and the uninjured side was always tested first.
Muscle performance was evaluated with maximal number of single-limb heel-rises (cadence, 30 rises per minute; height of the heel should be at least 5 cm from the floor) and maximal height of a single-limb heel-rise, measured in centimetres from the floor to the heel. A heel- rise index was defined as the number of heel-rises that the patient could do, multiplied by height of the single heelrise and normalized as a percentage of the other side [13] . Tests that combine the number of heel-rises and their height have been found to have good reliability and validity in detecting functional impairments [11, 17] . All patients also filled in and returned the form for the validated Achilles tendon Total rupture Score (ATRS) [10] . The ATRS has been shown to have good validity, reliability and sensitivity for limitations related to symptoms during various activities in individuals who have had total ruptures of the Achilles tendon.
Statistical analysis
Regression between radiodensity and elastic modulus for the entire material (all time points) involves the use of dependent data. This problem was circumvented, still using all values to get an overall regression coefficient, by using a regression analysis with indicator variables according to the formula
where Y is Hounsfield units, X is modulus, Z1 is 1 for 19 weeks otherwise 0 and Z2 is 1 for 52 weeks otherwise 0.
A simple linear regression was used when comparing values for radiodensity and elastic modulus at the same time point and for comparing data from a single time point with clinical outcome measures at 1 year. The error of measurement for elastic modulus was derived from double measurements. The correlation between radiodensity and ''true'' elastic modulus was calculated by removing the influence of the error of measurement according to the formula
where
Y is Hounsfield units, X is ''true'' modulus and e is the error of measurement.
Results
Sixty-five patients with a median age of 41 years (range 24-59 years) were included. Eleven patients were female. There were no complications related to the implantation of the tantalum beads. Three patients were excluded early on, due to infection, rerupture and pain syndrome. Complete data for radiodensity and e-modulus were available for 61 patients at 7 weeks, 56 patients at 19 weeks, and for 53 at 1 year. In total, complete data (all time points, including functional outcome) were available for 47 patients.
Radiodensity over time
The radiodensity within the rupture site 7 weeks after injury was decreased to 67 (SD 11) % of that of the noninjured contralateral tendon. The absolute value was 48 HU (SD 5) compared with the non-injured side 73 HU (SD 11). The density remained low at 19 weeks (50 HU, SD 6). At 1 year, density was restored (75 HU, SD 7) (Fig. 2) . There was minimal overlap between 19 weeks and 1 year: only 2 of 52 values at 1 year were lower than the highest value at 19 weeks (Fig. 3) .
The variation within the measurement area of each tendon was expressed as the standard deviation of all pixels within the area. This standard deviation was 15 % of the average density after 7 weeks, 13 % after 19 weeks, and Relation between radiodensity and elastic modulus
The overall regression analysis (involving all time points) showed that the variation in radiodensity could explain 82 % of the variation in elastic modulus (r 2 = 0.82). The radiodensity at 7 weeks did not correlate with e-modulus at 7 weeks or functional outcome at 1 year. In contrast, radiodensity at 19 weeks and 1 year correlated with e-modulus at the same point of time, and also with heel-rise index at 1 year. However, in contrast to the overall analysis, the correlations for single time points were weak. As this could be due to a large measuring error in the single estimation of elastic modulus, we calculated the correlation between radiodensity and ''true'' elastic modulus, as described above.
The measuring error at 19 weeks (SD for difference between the double measurements 9 2 -0.5 ) was 28 MPa, which corresponds to 29 % of the mean of the second measurement. Therefore, the correlation between radiodensity and ''true'' elastic modulus was considerably stronger than between the measured values (19 weeks: r 2 = 0.23). This suggests that the radiodensity reflects a quarter of the mechanical properties also at a single time point.
Correlations between Hounsfield units and e-modulus at 19 weeks in study 2 were weaker than in study 1. The analysis of the 19 weeks data were therefore repeated for only those patients who had all been treated in a plaster (i.e. we excluded the loaded group in study 2). This analysis showed stronger correlations between measured e-modulus and density (r 2 = 0.26; p \ 0.001), whereas in the loaded group, there was no significant correlation at all (r 2 = 0.01).
Relation between radiodensity and functional results
The radiodensity at 7 weeks showed no significant correlation with heel-rise index or ATRS. At 19 weeks, there was a weak but significant correlation with heel-rise index (r 2 = 0.12; p = 0.009). At 1 year, radiodensity correlated weakly with both heel-rise index and ATRS (r 2 = 0.17; p = 0.002 and r 2 = 0.24; p \ 0.001).
Discussion
The hypothesis was confirmed: there was a correlation between radiodensity and e-modulus in healing Achilles tendons. In the overall analysis, as much as 80 % of the variation in e-modulus could be explained by radiodensity. However, for this is to be practically useful, the method must be able to separate cases also at single time points, and here the correlations were weak. This could in part be explained by a large measuring error of a single estimation of elastic modulus. When this was compensated for, a quarter of the variation in ''true'' e-modulus could be explained by radiodensity at the same time point. This suggests that radiodensity contains valuable information. Notably, the correlation between radiodensity and e-modulus was almost absent in the subgroup of patients that had been subjected to mechanical loading. This might be explained by effects of loading. If loading mainly influences collagen orientation [7] , but not density, the e-modulus could be expected to increase without a corresponding increase in radiodensity. Indeed, loading increased elastic modulus at 19 weeks by 34 %, but radiodensity was only increased by 8 %. Therefore, if radiodensity were to be used for group comparisons, effects of differences in rehabilitations programs could be missed.
In contrast, radiodensity could be quite useful for longitudinal studies, as the changes over time from 19 weeks to 1 year were distinct. Radiodensity values showed hardly any overlap between these time points, whereas there was considerable overlap for elastic modulus (Fig. 3) .
Earlier studies have shown a clear increase in the Achilles tendon cross-sectional area during the first weeks after removal of the cast, while the e-modulus appears to remain on a constant low level during this period [15] . This is apparently reflected by radiodensity, which seems not to increase during the first period of healing. In previous studies, there was a correlation between early e-modulus and late functional results (HRI %) [13] [14] [15] . Early radiodensity appears not to carry such prognostic information.
It appears that during the first months of healing, the dominating process is callus growth, while improvement in ''quality'' in terms of better mechanical properties seems to follow in a later phase. This later period of rehabilitation, affecting ''quality'', seems to be largely finished after 1 year, as elastic mechanical properties at 1 year appear similar to normal. The increased risk of rerupture is considered to persist several months after injury. This could perhaps correspond to the period with a low radiodensity.
The weaknesses of this study are that the radiodensity reflects only the collagen/water ratio, and not the degree of tissue organization. Furthermore, it is not certain that a high e-modulus indicates a low risk of rerupture.
The risk of rerupture after Achilles tendon injury would be easier to manage if there were a method to quantitate the properties of the healing tendon during the relevant time period. For clinical use, such a method would have to be noninvasive, simple and inexpensive. Computerized tomography fulfils these criteria and provides quantitative and standardized values for tissue density. The radiation dose is relatively low and does not involve hematopoietic bone marrow. This study suggests a relation between radiodensity and mechanical properties, but does not address possible clinical utility of this finding. The findings, however, suggests that longitudinal studies with repeated measurements during the remodelling period might give insights into the possibility to use CT for clinical follow-up. As there was almost no overlap between radiodensity measurements at 19 weeks and 1 year (Fig. 3) , it is possible that restored radiodensity values could serve as an indicator of ''completed'' healing and perhaps that the period with an increased risk of rerupture is over.
Conclusions
This study has shown a connection between radiodensity of the healing human Achilles tendon measured in Hounsfield Units using computed tomography and stiffness of the healing tendon tissue. The clinical value and importance of these findings have still to be evaluated.
